Abstract-Allometry of wing shape is very common among insects, since wing-air interaction and aerodynamics of flight are largely depend on body size. In the present work we have studied allometry of wing shape and venation on wide range of representatives of Hymenoptera. It has been shown that by increase in body size, the aspect ratio of forewings grows, and the center of the area shifts towards the base; similar parameters of hindwings do not correlate with size of the insects. Geometric morphometric methods permitted to reveal allometric tendencies in arrangement of wing vein elements common for the hymenopterans studied. At increase of body size, the cells of central region of forewings stretch in longitudinal direction, the cells of distal and proximal regions reduce in length. In the case of hindwings, most families with increase in body size show elongation of the cells in proximal zone and shortening of the cells in distal zone.
As it is known, body size significantly affects the structure and functions of an organism [1] . The effect of body size on relative size and volume of organs represents a wide-spread phenomenon among animals, which is called "allometry".
In adult organisms, allometries can be classified into static, i.e. variation in shape and relative size of organs within one species, and evolutionary, which implies differences in relative size of organs among representatives of different species. Evolutionary allometry is based on genetic differences between species. Static allometry occurs both as a result of genetic differences between individuals and under the influence of diverse environmental conditions [2, 3] . Wing shape allometry in closely related species may be similar in character to that within the species, as it has been shown for the genus Lutzomyia (Diptera: Psychodidae) [4] . At the same time, common trends may not be so evident for large taxonomic groups due to greater diversity in morphology and ecology of representatives.
Aerodynamics of flight depends on factors of interaction with air medium, which differ significantly in small and large animals. The moment of inertia of a wing increases disproportionately with growth of body size, since it depends on the square of its length; the drag force gets higher nonlinearly, it is proportional to the square of the velocity. At small body sizes and low Reynolds numbers, the contribution of nonstationary aerodynamic mechanisms (additional vortex formation during pronation and supination of wings-"rotational circulation", claps with dorsal sides of wings in the upper point of their movement trajectory-"clap and fling", etc.) to the generation of lift and thrust forces is particularly great [5] . These and many other differences in the physics of flight of small and large insects are inevitably accompanied by changes in wing shape, as it has been shown in the course of theoretical surveys [6] and morphometric studies [4, [7] [8] [9] . Danforth, for instance, in his work [7] has studied the effect of body size on shape and venation of hymenopteran wings on the example of five genera of bees. It has been found that at increase in body size, pterostigma decreases, forewing's aspect ratio becomes larger, and its geometric center shifts in the proximal direction; in addition, the stretching of second submarginal and second discal cells of the forewing in the longitudinal direction occurs. In order to study the allometry of shape and venation of wings of Hymenoptera in more detail, we have conducted a similar research, including broadening of the range of objects to representatives of several families of symphytans and apocritans and appliance of modern and more accurate geometric morphometric methods.
MATERIALS AND METHODS
The study was conducted on 238 hymenopteran individuals-representatives of 32 genera (Table 1) . 1 The article was translated by the authors. Most of the species in this study are represented by one sex, since it is dictated by the necessity to reduce probable effect of sexual dimorphism on the results. Sexual dimorphism of wing shape has been revealed in a number of works [10] ; it can constitute a significant part of intraspecific variation of the shape and comprise both allometric and nonallometric components [11] . Only male representatives of Symphyta were studied, since body mass of females of these insects can vary significantly according to physiological state associated with egg maturation and oviposition. In the cases when catching of some certain apocritan males was difficult or impossible, females were used, as well as sterile working individuals of social hymenopterans.
Body mass of the insects was measured with an analytical balance to the nearest 0.1 mg shortly after fixation with ethyl acetate vapors. For the size measure we used thorax length, which was measured from photographs.
Length and area of wings were calculated in Auto-CAD 2015 (Autodesk, Inc., USA) from photographs of fore-and hindwings obtained using a microscope with apochromatic objective lenses. Wing length was determined as the distance between wing base and most remote from the base point of wing apex. These line segments were also regarded as longitudinal axes of wings. Position of geometric center as well as the distance from apex to the point of orthogonal projection of geometric center on its longitudinal axis were determined for hind-and forewings (Fig. 1) . The ratio of areas of fore-and hindwings was calculated.
We used the following notations for the parameters studied:
m-body mass; S-total area of a pair of wings; S f -forewing's area; S h -hindwing's area; l f -forewing's length; l h -hindwing's length; lc f -distance from forewing's apex to the point of the orthogonal projection of its geometric center on the longitudinal axis; lc h -distance from hindwing's apex to the point of the orthogonal projection of its geometric center on the longitudinal axis.
Total aspect ratio of a pair of wings (AR) was calculated from the formula:
Aspect ratios of forewings (AR f ) and hindwings (AR h ) were also calculated:
We used and ratios to estimate the position of geometric centers along longitudinal axes of fore-and hindwings. Geometric center of a wing is calculated as the center of mass of a plane figure, formed by wing's contour.
Median values of parameters were obtained. The necessity of use of medians instead of mean values is motivated by relatively small sample sizes and distributions deviated from normal [19] . We performed regression analysis of median values of the parameters studied to reveal allometric changes in wing shape and applied Major Axis Estimation using the R package SMATR [12] .
Analysis by geometric morphometric methods was performed on the major part of the material: 212 individuals-representatives of 28 genera (Table 1) . Wings with damage unsuitable for geometric morphometrics were excluded from further analysis. Wing base, points of branching and points of intersection of veins, including points where veins go into the edge of a wing, were covered with landmarks. In cases where veins get thinner and do not reach the edge of a wing, landmarks were put at points where wing's edge is crossed by a supposed lines continuing such veins. In cases where veins end abruptly and do not reach the edge of a wing, landmarks were placed on end points of such veins. We used only Type 1 and Type 2 landmarks [13, 14] , that permitted us to analyze the differences in the arrangement of wing vein elements as homologous structures.
Digitalization of landmarks and creation of files with Cartesian coordinates and outline drawings of wings were made using programs tpsUtil and tpsDig2 [15, 16] . Landmarks were put twice for each wing to minimize errors, and the coordinates then were averaged [17] . Morphometric analysis of shape coordinates was carried out in MorphoJ program [18] . Statistical analysis was performed using STATISTICA 10 (Statsoft, Inc., USA).
RESULTS AND DISCUSSION

Regression Analysis of Morphological Parameters
of Wings Allometric dependences of wing shape parameters on size parameters (body mass and thorax length) were obtained independently from each other.
It was found that AR in the hymenopterans studied increases with body mass ( , ) (Fig. 2a) . AR f changes allometrically, too , ) (Fig. 2b) , besides the geometric center of a forewing shifts towards the base ( , ) (Fig. 2c ). Ratios and , as well as AR h , do not depend on body size. All the above-listed dependences behave similarly if using thorax length as the measure of body size instead of lifetime body mass. Therefore, it is appropriate to conclude that, in the absence of possibility to measure body mass, thorax length is acceptable to use for studying allometry in insects, at least at the order level.
An expected finding is the increase in AR f with body size. Wing's aspect ratio determines the character of formation of the leading edge vortex, and at high Reynolds numbers the elongated wing is more effective [6] . Zone of leading edge vortex covers almost whole forewing plate; hindwing does not affect the process of development of this vortex and prevention from stalling, therefore AR h and are not related with body size.
Geometric Morphometrics
Analysis by geometric morphometric methods was performed separately for representatives of each family. First of all, such approach provides the maximum possible coverage with landmarks since the character of venation varies considerably within the order. Secondly, it would not be correct to analyze all the families studied as one sample with appliance of such sen- Correlation analysis of centroid size of fore-and hindwings with body mass and thorax length was conducted separately for each family. We used Spearman rank correlation coefficient to assess correlations. We found that thorax length and body mass correlate well with centroid size ( ) in all the groups studied. Therefore, we used then centroid size as a criterion reflecting body size.
Regression of the Procrustes coordinates on centroid size for hind-and forewings was performed to reveal changes in the arrangement of wing vein elements in relation to body size. Wing shapes of separate specimens served as independent variables. Also this method allowed us to determine the percentage of allometric shape variation, which equals the percentage of predicted shape variation related to total variation [11] . The percentage of allometric shape variation differs considerably in the studied taxonomic groups of Hymenoptera, ranging from 22 to 75% in the case of forewings and from 22 to 70% in the case of hindwings. All values are statistically significant ( ) according to permutation test (equivalent to Goodall's F-test), which uses null hypothesis on absence of dependence between variables.
According to the results of warp analysis of wing shape depending on centroid size (Fig. 3) , we can assert that all the families studied demonstrate general trends in variation of the arrangement of vein elements. Most of the families at the increase of body size undergo shortening of cells in proximal and distal parts of forewings and elongation of cells in central part in longitudinal direction. The following changes can be observed more frequently: shortening of 1Cu (basal part of the wing); elongation of 1M, 2Cu, 2R1 and 1Rs (central part); shortening of 3Rs, 3M, 3Cu (distal part). In hindwings of most families it is possible to note the extension of R and Cu/1Cu cells (basal region of the wing) and the shortening of Rs and M cells (distal region). Relative area of pterostigma reduces more or less.
It is difficult to judge on any general trends in arrangement of veins in relation to transverse axis of wings. However, all the groups studied except of bees (Apiformes) at increase of body size undergo contraction of forewing's contour in central or distal region, that is consistent with general elongation of forewings. We are not able to trace such changes for proximal region of forewings because of the absence of landmarks on the contour. Contour of hindwings varies not similarly in different families, that clearly illustrates < 0.05 p < 0.05 p the lack of correlation between hindwing's aspect ratio and body size.
